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I. INTRODUCTION

This report summrizes the efforts during the second quarter of a ocme-year
regearch program, vhose principal objective i1s the demomstration of feagi-
bility and advancemsnt of the vortex MAD power gemerator concept. The re-
search ic essentially a continuation of the investigation initiated under

NASA Coatract No. KASS-TO3.

Experimental sefforts have concentrated om thae folloving: (a) fabrication
of an sdvanced experimental model of a vortex MHD generator; (b) design
and fabrication of a gas dilution type of calorimester for plasma semthalpy
measurements; and, (c) fabrication of a vortex chamber for detailsd study
of the velocity field im a compressible vortex,

Analytical studies have imcluded the application of turbulent boundary layer

thsory to vortex flow, inclmding the region adjacent to a central body in
the vortex.

II. SUMMARY 206496 /A\
Pabrication of the experimental model of the vortex MHD generstor was com~

Plated; this gemerator is m&mhmmvam iten in the
research program and to serve in the correlation and refinement of existing
methods for predicting gemerator performance.

A reviev of poscidble techniques to measure plasma enthalpy vas comduoted.

FPor purpoges of determining local heat tramsfer coefficients within the
vortex generator and also the genmerator comversion efficiency, & gas dilutiom
type of calorimeter was indicated. A calorimeter was therefore constructed
and its initial function will be to determine the emthalpy of the driving jets
under conditions similating those vithin the generator.

Fabrication and installatiom of the vortex chamber was completed. This is
gecmetrically similar to the vortex generstor and is expected to be the
mJjor facility which vill be employed for a detailed study of the velooity
field in a compressible vortex.

The preliminary application of a peeudo-lamimar type of turtulent boundary
layer amalysis to the flow in a vortex comtaining & porous coenter body was
conpleted. Purther development of this technique now awaits additional

experimental data. Kl
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IIX. TITEMS8 OF FROGRESS

1. Vortex Jepnsrator Experimentis

Vortex Gonerstor Model. The experimental model of the vortex MHD
gonerator, Figure 1, vhich vas thoroughly described in the previocus
quarterly report, was fabricated and assembled without any significast
dirfioully. The components most Aifficult to fabricate were the wvatere
aooled copper noziles which required electirical discharge machining.
(Subsequent to the pericd being reported, these nozzles were opereted at
maximum jet power without any detericrstion.) The inner electirode and
axhaust tubes, pictured in Figure 2, vhille initially congeived of as deing
constructed of & refraciory metal, vere actually machined from a medium-
grain high purity graphite and them sprayed to give a tungsten overlay on
the electrode surfaces. The tungsten overlay serves primrily to reduce
erosion and corrosion at these critical surfaces. Construction of the inmer
electrode and exhaust tubes entirely of a refractory metal is feasibls but
considerably more expensive than the present approach.

Pigure 2 illustrates that the generator is capadle of being operated with
tve driving Jjets; however, the ocuter elsctrode pictured is presently pre-
pared for the initial generutor opsration vith a single Jjet., Not shown in
Figure 2 is the intermal instrumemtation, comnsisting of thermocouples and
ypressure port tubing, vhich vill be brought out of the gemerator through
the Comax fittings pictured,

0as Dilution Calorimster. Figure 5 shovws the gas dilutiom calorimeter
vhich has been constructed for the purpose of measuring plasme enthalpy, as
for exanmple in the eflux of a generator mozzle also pictured here. This
type of calorimeter vas selacted in order to obtain a mean stream enthalpy
value and also employs gas dilution as opposed to a vater-side hest sink to
avoid the possidility of an explosive intersction of a comdensed alkali
metal and water due to a leak. The operation of the calerimeter is as follows:
room temperature nitrogen is supplied to the calorimster cocurrent vith the
plasma Jet; the three inner tubes shown in the lower part of the picture serve
first to direct the unheated mitrogen in a wvay to protect the calorimeter from
direct contact vith the high temperature Jjet and second to thoroughly mix the
plasma and nitrogen by twe turbulating tantalum screens velded to the cemter
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section; finally an array of thermocouples is employed in determining the
average temperatures of the resulting gas mixture diluted to a tempersture
of approximstely 1500°F.

In practice, thermal insulation vill be placed around the calorimster shell
to improve accurecy in the calorimstric msasurements. Also, an exhaust
valve, not shovn here, vill be secured to the end of the calorimeter anmd
make it poseibls to vary the back pressure - thus providing means of simu-
lating the gensrator back pressure vhich the mozzle vill axperience in
generator tssts.

2. Hydrodynamiocs of the Jet-Drivea Vortex

Experimental Progrem. During this quarter, the basic vortex chamber
model wvas built and prepared for testing. This effort included prepariag
a set of detail dravings of the chamber couponents, machining the components,
and assembling the model, including the air supply system and the mercury
mancoster system vhich vill be used to measure statio pressures. PFigure U
shovs the assembled vortex chamber model, and Figure 5 shovws the model, the
air supply msnifold, and the mercury manometer systen.

Amalytical Studies. Amalytical studies of the hydrodynamics of a Jet-
driven vortex are nov being performed in order to correlate data vhich is
soon to be obtained., The fimal results of both the experimental amd analyti-
cal hydrodynamics studies will yield an analytical model vhich can be em-
ployed in vortex chamber optimization studies (vith a minimm computational
effort.)

Studies of an aralytical nature conducted thus far in the present program
have been limited to the case of a vortex chamber with a porous well ianer
cylinder of the type investigated iz Referemce 1. 1In fact, ths prelimimery
analysis of the data of Reference 1 for the case of four driving jJets has
been completed. As indicated in the first quarterly progress report (Refer-
ence 2), the data for the cuter region of a vertex chamber (that is, the
region sdjacent to the outer cylinder and the driving jets) oam be correlated
by & hydrodynamical model having a constant eddy viscosity and an imner

cylinder velocity greater than zero.
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The governing differential equation (under the assumption of a comstant eddy
viscosity vhich is very much greater than the molecular viscosity) is

- &(E-) 2

>

vhere v, = recovered jet velocity
V = v/vv, dimensionless tangential velocity
5, = redius at vhish recovered jet velocity obtains
R = r/r,, dimensionless redius
Re = N (£, /)7}, effective radial Reynolds mmber
No= Y, r// , radial Reymolds mmber

Y = viscosity coefficient

{_ = eddy viscosity im outer regiom

7 = kinematic viscosity

mmloyinathcmcaditimv-vi a.tR-Ri (vhere Rinthunum-
less inner cylinder redius) and V = 1 at R = 1, the solutiom of (1) is found to de

Ve _1 - R;(Z + Re)] '1{ [1‘_ Vill;(l + Re) } g1

(2 + Re) (1 + Re) (2)
«(2 + Re + Re

- (1 - Rlvi) R, R }

This expression was fitted to the axperimental data of Reference 1 in the regiom
betwveen ths ocuter cylinder and the point of maximum velocity. Im so doing,
values ornomvi\nro obtained which vere then analyzed. In particular, the
ratio of eddy to molecular viscosity wvas found to be given by

-5, (3)

vith (the mixing length comstant)

u
K = 0,048 - 1.5 & (ka)
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and (the tangential Reynolds mumber)

P
N e/ ¥ ¥
v

— (4b)

The form of Equation () is suggested by vom Xarman's similerit. h/pothesis
if use iz made of Equatiom (2) (see e.g., Reference ;). Emuection (4) re-
sults from a least squares fit of points calculated in the inmterwel - 0,027 S
(uw/vw) S 0.0575. The maximum deviation from this exprescion was about 15
percent. Valuss of Vi obtained varied between about 0.95 and 1.15 vwith an
average value of Vi = 1.07,

The data analyzed thus far hag & scatter which does not permit the accurate
deternination of the fictisious vall velocity, Vye On the other hand, the
value of V i is of little interest since the outer profile azs determined above
merges with ap inner profile whose velocity vanishes at the imner porous
¢ylinder. Im the present case, the inner region near the porous wall is
determined as deecribed below, In the case of a vortex chamber having no
inner cylinder, V 4 is never introduced and the outer regiom profile is
matched to an inner solution in the manner of Referenmce L.

The vortex profile in the outer region determines the immer vall friction by
comservation of angular momentum. In the dimensionless variables, conserva-
tion of angulsar momentum applied betveen the inmer oylinder and some larger
radius is stated by

12 cfi a R? Cp = 2(ufv,) RV (5)

R

vhere Cr is the frietion coefficient

o T 2 (£4/) (:91 ) %_)

S W N ar (6)
5/ Vw v
Making use of (3) now, there results
Cf ™ K2 (% * % (7)

and this vas used together with (2), (4) and (5) to calculate the innmer
erlinder friction coefficient. The result, again based on 2 least squares
fit in the interval 0.027 S (“w/”u) $ 0.0575, is



cf = - booh (“v/vw) (8)

Once the outer regiom has been determined and C, and £ g 8F¢ kmovn, attention
can be concentrated on the wall regloms (mesr the imner cylinder). Consider
firet the region immediately adjecent to the inver cylinder. In this laminar
sublayer the eddy viscosity is small compared to the molacular viscosity and
the basic differential equation for the tangemtial welocity is

W(E - 8) - & (8- F) ()

/

Solving this with the boundary conditioms V = Oat R s Ri and

N C
av v £

dR 2

at R « R, there is obtained

i
N, ci,:l RJ. + 1, Ria
Vs " AT+ R,) i X (10)
R

u

i
vhere the subscript s denotes thet the expressiom holds caly in the laminay
sublaysr.

Now the region adjacent to the outer region can be reforrod to as the wall
region in analogy to the universal wall law regiem of ordimary turbulent
boundary layer theory. Im this wall region, the eddy viscosity is large
campared to the molecular viscosity tut it varies with distance from the inmner
eylinder. In thic case, the basic equation is again (1) with Re depending om R.
Displaying N end 6//4 s &(R)//u 1t is

N av v a fav vV
tal,,(?iﬁ*'i)'a'ﬁ' a'ﬁ'iz) (1)

This equetion can be integrated and the desired result, V = V (R), given in
closed form for a veriety of ascumed varistioms of ¢/u = (R} . . Un-
fortunately no data exists as yet om vhich to base a cholce. To {1lustrate
the procedurs, hovever, consider a linear variation of £ /. from zero at the
inner ¢ylisder to (£ /1) et the matching point (vhich is %o be detormined by
noting vhere experimental data began to depert from the outer profile of
Equation (2). In this case
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E(R) . =8 +DbR
and the solutiom to (11) is
CI(R) + B
Ve R (12)
vwhere
N N N
B, 142 14 -2
R‘ X
1(8) = ®_ ~ B (Eed (15)
(a_.a.bR\-E b(l._‘.’:)
v Y a

The expression on the extreme right of (15) was obtained by holding the
mumerator constant during the integration. This can be dome with little lose
of accuracy since the mmerator is very slowly varying compered with the
denominator.

The constants B and C may be determined by matching V and its first deriva-~
tive to the profile of the outer region (at the assumed metching point).

The "transition” region between the sublayer and the wall region is defined
by E/« = 0 (1), Here the relevant differential equation is again (11) if
€/r 15 replaced by 1 + £/« . Them, 1f 1+ €/« ma' +b' R in the tran-
sition region, the solution is again (12) amd (13) if ?//t 1s replaced by
1+ &/« in the latter. The constants B and C in this case are to be de-
termin/ed by again matching V and ite first derivative to the wall regiom
profile,

The results of the procedure ocutlined above as applied to an example with
%/vv » -0.0575 and N =« -3100 eare shown in Pigure 6. The abscissa is the
normalized radius

R-R1 r-ri

1°Ri r -r

R =
and t‘//u was assumed to decrease linearly from its maximum value at R » 0.1
to 20 at R = 0.01 and then linearly to zero at K = 0.

The mismatch between the laminaxr sublayer and the transition region indicated
in Figure 6 is caused primarily by the assumed ¢/, variation and by the
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accuracy of the data vhich defines the inner wall friction coefficisnt and
therefore the sublayer profile [see (10)] .

It should be noted that data of Reference 1 for the wall regiom comsists of
only one point for each pair l_(\\'/vv), N“]or independent variables. This
point is at R = 0.075 which corresponds to a distance of lees than one-temth
of an inch from the imner cylinder, Thus, since the experimental profiles of
Reference 1 vere obtained from wall static pressure measuremsnts, the accuracy
of the result at R = 0,075 18 questionable (compared to the points in the
outer region). The reascn for this suggestion is related to secondary flow
offects in the corners formed by the inmer cylinder amd the side-walls of

the vortex chamber.

In any event insufficient data exist to test Equatiom (1l1) with any assumed
nmetmné(n)//a . This mst be deferred until the velocity probe data of
the current research progream have been obtained.

IV. INTERPRETATION OF RESULTS AND CONCLUSION

Fabrication of the vortex MHID generator experimental model was completed and
appears to be satisfactory in its comceptual design. Initial operetion of
the generator vill be underway soon, following minor modificatioms to the
magnet structure vhich will accommodate air coolant passages for generator
tenmperature comtrol. After sccomplishing the check ocut of generator opera-
tion, the test program will be undervay and have as its principal objective
the evalustion of generater performance prediction methods,

The vortex chamber installatiom vas completed and soom will be providing
more couprehensive and accurate data for the determination of velocity fields
vithin vortex ecavities supplied vith and without center bodies.

Further study of the application of pseudo-laminay boundary layer analysis

to the prediction of velecity profiles within a turbulent vortex confirmed

the earlisr expectations of its successful employment. This phase of study
is essentially complete but vill be reviewed as soon as more accurate data

are obtained from the vortex chamber experiments, especially in the region

of the center bodies.
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